release from intracellular stores on this regulation reSummary mains to be fully examined. , 1997) indicate that although RyR3 is not the major subtype expressed in skeletal muscle, it has a significant role, albeit supplemental to RyR1, in excita- 8 To whom correspondence should be addressed (e-mail: kunio@ tion-contraction coupling in skeletal muscle. Also using ims.u-tokyo.ac.jp). 9 These authors contributed equally to this work. showed that RyR3 has a lower sensitivity to [Ca 2ϩ ] i than suggests a specialized role of these receptors in this area critical for memory formation. To conclusively deRyR1 in skeletal muscle, suggesting that the functions of RyR1 and RyR3 are subtly different.
RyR1 and
termine the role of RyRs, especially RyR3-mediated changes in [Ca 2ϩ ] i in LTP and learning, we generated Although Ca 2ϩ influx is essential for the induction of LTP, it has been shown that the initial Ca 2ϩ influx may mice lacking RyR3. We measured the electrophysiological and pharmacological properties of synaptic plasticbe further amplified by CICR. The involvement of RyRs in synaptic plasticity has also been reported; however, ity in the CA1 area of the mutant mice and the performance of these animals in spatial learning tasks. the results from these studies appear to be contradictory, presumably due to differences in experimental conditions. Obenaus et al. (1989) targeting vector ( Figure 1A ) and were selected by posishown). Furthermore, no differences were observed at the electron microscopic level in brain sections, includtive-negative selection (Mansour et al., 1988). The selected clones were screened for the desired homoloing hippocampus (data not shown). We have confirmed by immunoblot analysis that the gous recombination by Southern blot analysis using the 5Ј external probe and the neo probe (data not shown).
expression of IP 3 Rs in the hippocampus was not altered in the mutant mice (IP 3 R1; Figure 3A ; the levels of expresTwo lines of RyR3-deficient mice, derived from two independent ES clones, were generated. They yielded ession of IP 3 R2 and IP 3 R3 were too low to evaluate). The IICR activity of microsomal fractions of the hippocamsentially the same results in all the experiments described below. Southern blot analysis revealed clear pus measured by fluorescence was also unchanged (homozygote: 31.1 Ϯ 2.7, n ϭ 3; wild-type: 34.3 Ϯ 2.4, n ϭ patterns of gene disruption ( Figure 1B) , 1996) . When LTP was evoked using high-fredent RyR3-deficient mouse lines generated by Takeshima et al. (1996) and Bertocchini et al. (1997) .
quency stimulation of 100 Hz for 1 s (long tetanus), the increase in the initial slope of field excitatory postsynapImmunoblot analysis of the microsomal fraction of the cerebrum, including the hippocampus, using a RyR3-tic potentials (EPSPs) was not significantly different between Ϫ/Ϫ and ϩ/ϩ mice, although the increase in the specific antibody and an antibody that cross-reacts with all RyRs showed that the expression of RyR3 was dis-Ϫ/Ϫ mice tended to be greater than in the ϩ/ϩ mice (ϩ/ϩ mice: 37.7% Ϯ 8.5%, n ϭ 7; Ϫ/Ϫ mice: 45.7% Ϯ rupted, whereas the expression of other subtypes of RyRs (RyR1 and RyR2) was not altered in the mutant 6.7%, n ϭ 10 [mean Ϯ SEM]). With near-threshold stimulation (100 Hz for 100 ms, short tetanus), however, LTP mice ( Figures 1C and 1D) . Histochemical analysis of RyR3-deficient mice showed ure 4C). The input/output relationship, which reflects the effithat there were no apparent anatomical abnormalities in the hippocampus or elsewhere in the brain (data not cacy of synaptic transmission, was not altered in Ϫ/Ϫ NiCl-treated Ϫ/Ϫ mice: 13.6% Ϯ 2.1%, n ϭ 7; Figure 7A ; there was no statistically significant difference between 5 each; Figure 5C ). I-V curves of NMDA currents with applied voltage steps, ranging from Ϫ80 mV to ϩ40 mV, treated and untreated Ϫ/Ϫ mice); however, coapplication of 50 M D-AP5 and 20 M nimodipine blocked were plotted (no significant difference, paired t test; Figure 5D ). These data suggested that basal synaptic LTP in RyR3-deficient mice (ϩ/ϩ mice: 0.7% Ϯ 1.3%, n ϭ 7; Ϫ/Ϫ mice: 3.9% Ϯ 3.4%, n ϭ 5; Figures through VDCCs results in L-type VDCC-dependent LTP, we measured Ca 2ϩ currents under voltage clamp condishort tetanus-induced LTP in RyR3-deficient mice (ϩ/ϩ mice: 2.4% Ϯ 1.6%, n ϭ 7; Ϫ/Ϫ mice: 19.9% Ϯ 2.5%, tions while applying voltage in steps of 10 mV from Ϫ80 mV to ϩ50 mV. Ca 2ϩ currents evoked by these steps n ϭ 7; p Ͻ 0.01; there was no statistically significant difference between treated and untreated Ϫ/Ϫ mice);
were not significantly altered in RyR3-deficient mice (at V H ϭ Ϫ20 mV, p ϭ 0.078, Student's t test; Figure 7C ). however, when coapplied with 50 M D-AP5, MCPG completely blocked LTP (ϩ/ϩ mice: 1.9% Ϯ 1.5%, n ϭ
We also examined another type of plasticity, LTD, in CA1 hippocampal neurons in RyR3-deficient mice. 5; Ϫ/Ϫ mice: 1.5% Ϯ 1.4%, n ϭ 6; Figures 7B and 7D ). These data suggest that mGluR activity contributes to Administrating low-frequency stimulation to Schaffer collaterals induced LTD in wild-type mice (Ϫ14.8% Ϯ the enhancement of LTP induction by modifying channel 3.8%, n ϭ 6) but not RyR3-deficient mice (ϩ1.6% Ϯ distance in the probe trial was similar for wild-type and 2.1%, n ϭ 6; p Ͻ 0.01; Figure 8 ).
RyR3-deficient mice (ϩ/ϩ mice: 1685.5 Ϯ 54.1 cm, n ϭ 10; Ϫ/Ϫ mice: 1581.9 Ϯ 47.2 cm, n ϭ 12), indicates Spatial Learning Task that swimming motivation and ability were not different We then tested RyR3-deficient mice for spatial learning between wild-type and RyR3-deficient mice. This sugin a Morris water maze (Figure 9 ). During the 7 days of gests that the difference in performance of RyR3-defitraining, there were no significant differences between cient mice in the probe trial test was related to enhanced wild-type (n ϭ 10) and RyR3-deficient (n ϭ 12) mice spatial learning. The probe trial provide a more sensitive (male littermates, 8 weeks old) in the time taken to reach evaluation of spatial learning (Abeliovich et al., 1993; Wu the hidden platform (escape latency; Figure 9A ). In the et al., 1995), because it has become apparent that mice probe trial test, however, in which the platform was can adopt a learning strategy other than spatial learning removed after the training schedule described above, in the escape latency test. Figures 9D and 9E) .
In the present study, we observed an enhancement of In a cued-platform task, a nonspatial learning task in LTP induction in hippocampal CA1 pyramidal cells of which there was a landmark to indicate the position of RyR3-deficient mice. This suggests, in contrast to the the platform, the performance of wild-type and RyR3-excitatory role of Ca 2ϩ influx through NMDA and VDCC deficient mice was similar ( Figure 9B ). This result, together with the data demonstrating that the swimming channels, RyR3-mediated Ca 2ϩ release from internal CA1 neurons, however, we found that the Ca 2ϩ current high-frequency stimulation was significantly smaller (Mann Whitney U test, p Ͻ 0.05; data not shown), sugevoked by depolarization tended to be smaller in RyR3-deficient mice. Although it has been thought that there gesting that the excitability of the postsynaptic membrane was not increased in RyR3-deficient mice. Thereis no direct coupling between L-type VDCC and RyR3, it is interesting to note that inactivation of RyR3 activity fore, the enhancement of LTP induction cannot be explained either by an increase in cell membrane excittended to decrease VDCC currents in RyR3-deficient mice.
ability at either pre-or postsynaptic sites or by an increase in Ca 2ϩ influx. The application of high-frequency stimulation to the Schaffer collaterals in RyR3-deficient mice induced It is possible that mechanisms to compensate for lacked RyR3 activity in RyR3-deficient mice result in the membrane depolarization mediated by VDCCs and ionotropic glutamate receptors. Because posttetanic potenenhanced LTP observed in the present study. The most likely candidate for this mechanism is upregulation of tiation related to transmitter release during high-frequency stimulation did not increase in RyR3-deficient other subtypes of RyRs, RyR1 and RyR2. We observed a significant decrease in ryanodine binding in the hippomice, it is likely that this membrane depolarization reflects the excitability of the postsynaptic membrane. In campus with no significant changes in other parts of the brain. Together with the result of immunoblot analythe present study, the membrane depolarization during sis, we conclude that the expression of other subtypes explain the facilitated LTP in RyR3-deficient mice from the point of balance between phosphorylation and deof RyRs was unchanged in RyR3-deficient mice. The other possible candidate for this mechanism could be phosphorylation, we hypothesized that decreased activity of RyRs in the CA1 region may cause less phosphaan increase in the activity of IP 3 R. However, this possibility is unlikely because the Western blotting analysis and tase activity. To address this issue, we examined LTD induction in hippocampal CA1, because the requirement the measurement of IICR activity showed the expression and the activity of IP 3 Rs was not altered in RyR3 knockof phosphatase activity for CA1 LTD has been well investigated. We found that LTD induction was completely outs. Thus, it appears that neither the increase in Ca H-embedded polyto be positive for the desired recombination. Chimeric mice were generated as described previously (Bradley, 1987) . ES cells from mer standard for 5 weeks at 4ЊC. Nonspecific binding was determined by parallel incubation in the presence of 15 mM unlabeled five clones were microinjected into C57BL/6J blastocysts at 3.5 days postcoitum, and the embryos were transferred into the uteri ryanodine. The autoradiographic results were analyzed using a computerized digital image processing system as described (Tanaka et of pseudopregnant ICR mice. Two clones gave rise to germline chimeras. Mice heterozygous for the mutation were obtained by al., 1988, 1991). cross-breeding the chimeras with C57BL/6J mice. The heterozygotes were further crossbred with C57BL/6J mice two to six times, Electrophysiology Hippocampal slices were prepared from mice lacking RyR3 (21-25 and the resultant heterozygotes were interbred to obtain the littermate wild-type and homozygous mice that were used in the presdays old). Mice were anesthetized with ether and decapitated. Hippocampi were dissected rapidly and transverse slices (500 m thick) ent study. The genotypes of the mice were determined by Southern blot analysis of genomic DNA prepared from tail tissue ( Figure 1B) .
were cut using a rotary tissue slicer at room temperature and then maintained in an incubation chamber in the presence of gassed (95% O 2 /5% CO 2 ) extracellular solution containing (in mM): 124 NaCl, Antibodies and Western Blots 3.0 KCl, 2.0 CaCl 2 , 2.0 MgSO 4 , 1.25 NaHCO 3 , and 10 glucose for at B4 peptide, Lys-2693 to Gln-2712 of rabbit RyR3 (KEGEALVQLRENleast 2 hr at 30ЊC. Immediately prior to each experiment, individual EKIRSVSQ), was synthesized using a 430A peptide synthesizer (Apslices were transferred to a submersion recording chamber, where plied Biosystems) and purified by reverse-phase high-performance they were superfused continuously with extracellular solution ‫3ف(‬ liquid chromatography. Polyclonal rabbit sera were raised against ml min Ϫ1 ) at 30ЊC. Field recordings were obtained from the apical B4 peptide conjugated to keyhole limpet hemocyanin. Immunoglobdendritic region of the CA1 pyramidal cells using glass microeleculins were precipitated from the sera using 33% ammonium sulfate, trodes (3-8 M⍀) filled with 2 M NaCl. The Schaffer collateraland the antibody was further purified by affinity chromatography commissural fibers were stimulated every 20 s in the stratum radiawith agarose gel (Affigel 10; Bio-Rad) conjugated with the B4 peptum using a bipolar electrode and 0.3 ms constant-current pulses tide. This anti-B4 antibody was confirmed to be RyR3 specific, and at an intensity sufficient to evoke a 30% maximal response. LTP cross-reactivity with RyR1 and RyR2 was not observed (data not was produced by an electrical high-frequency stimulation (100 Hz shown). The anti-C2 antibody was prepared as previously described for 1 s or 0.1 s) administered using the same stimulus intensity. LTD . to the control responses just before the induction (averaged for 20 mM 2-mercaptoethanol (homogenizing buffer) and was centrifuged min). The responses of CA1 neurons were recorded using the "blind" for 5 min at 1000 ϫ g at 4ЊC. The supernatant was centrifuged for whole-cell clamp method using an Axopatch-200B amplifier (Axon 60 min at 100,000 ϫ g at 2ЊC, and the pellet was homogenized in Instruments). Pipettes were routinely filled with solution containing a homogenizing buffer. This solution was centrifuged for 60 min at (in mM): 130 cesium methanesulfonate, 10 tetraethylammonium 20,000 ϫ g at 2ЊC, and the supernatant was again centrifuged for chloride (TEA), 5 NaCl, 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ, 60 min at 100,000 ϫ g at 2ЊC. The pellet (microsomal fraction) was NЈ-tetraacetic acid (BAPTA), and 10 HEPES with pH adjusted to 7.3 resuspended in a homogenizing solution and the protein concentrausing CsOH. ATP (2 mM) and GTP (0.3 mM) were also included in tion was measured using a Bio-Rad protein assay kit. The samples the pipette solution. Voltage clamp currents were filtered at 2 kHz (5 g) were applied to SDS-PAGE gels and detected by Western and were digitized at 5 kHz using a microcomputer data acquisition blot probed with anti-B4 or anti-C2 antibody and then probed with system. Responses to paired stimuli (30-950 ms interpulse intervals) biotinylated anti-rabbit immunoglobulin G antibody. The signal was of field EPSPs of the CA1 area were recorded, and the ratio of amplified using a Vectastain Elite ABC Kit (Vector), and peroxidasethe initial slope of the second pulse to that of the first pulse was coupled detection was carried out using the enzyme-linked chemilucalculated. Posttetanic potentiation was recorded using whole-cell minescence method with an ECL kit (Amersham) rosci. 14, 4794-4805.
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